Decubitus ulcer is a disease that causes the necrosis of skin tissue through the disorder of blood circulation on a certain part of the body where bones protrude. This study is aimed at obtaining an optimal design of a set composed of a rubber air-cell seat cushion and back-supporter, showing even distribution of the interface pressure and minimizing its peak value on the buttocks through optimization using the simulation. The finite element (FE) human model was a human body model developed by the MADYMO (mathematical dynamic model; TASS, Netherlands) and consisted of 44 FE models such as skeletal structures, flesh, muscles, and internal organs. For the optimization of a seat cushion and a back-supporter, a basic model for seat cushion and back-supporter were designed using 50th percentile European male model. To design an optimal seat cushion and back-supporter system, the optimization was performed considering the design factors such as the air-cell height of buttocks and thighs, air-cell height of back-supporter, and angle of back-supporter. The results of the sensitivity analysis confirmed the two design factors (height of buttock air-cell and height of thigh air-cell). The optimization result was 55 mm for the buttock air-cell's height, 60 mm for the thigh air-cell's height, 90 mm for the back-supporter air-cell's height, and 100 ° for the back-supporter's angle. Based on this study, there is preliminary evidence to show that the design of seat cushion and back-supporter is necessary to reflect biomechanical characteristics, such as body shape (difference of body shape between thigh and buttocks). A main advantage of air-cell type for seat cushion and back-supporter is the good effect of interface pressure distribution.
Introduction
Decubitus ulcer is a disease that causes the necrosis of skin tissue through the disorder of blood circulation on a certain part of the body where bones protrude. Recently, decubitus ulcer has increased rapidly owing to the degeneration of the sensory system or damage of nerve system due to the growth of aging and chronic diseases. Since it is frequently observed in the disabled, patients before and after a surgery, and people with geriatric and degenerative diseases (such as diabetes) who have to spend a lot of time on a chair or wheelchair, the decubitus ulcer represents an immense and increasing public health issue (Shaw, 1998) .
During sitting, most of the body weight is delivered to the buttocks. It causes excessive interface pressure concentration and imbalance on the buttocks. The resulting excessive interface pressure gradient induces necrosis for the disabled, elderly, diabetics, and hospitalized patients who could not realize the ischemic condition on the buttocks in the aspect of vital dynamics. The causes of the decubitus ulcer include interface pressure, shear force, friction, temperature, humidity, posture, infection, nutrition, and age (Mak, 2010) . Among those, the interface pressure is known as the most direct cause (Kernozek, 2002) . Because of this, decubitus ulcer is also called pressure sore. There is no clear clinical standard for the minimum value of the pressure causing the decubitus but it is known that an interface pressure higher than 60 mmHg increases the cause of the disease (Cook, 2002) . Currently, it is reported that 95 % of the disabled experience the buttocks decubitus ulcer while subsequent medical costs and social and psychological damages are severe (Hong, 2003) .
To prevent and cure the decubitus ulcer on the buttocks, there are several methods necessary including decreasing the interface pressure on the skin below the reported minimum value or relieving the interface pressure concentration by changing bodily posture at 2-hour intervals (Kosiak, 1959; Hong, 2003; Conine, 1994) . Thus, it is necessary to distribute the interface pressure and minimize the peak interface pressure on the buttocks. For such purpose, seat cushion products related to preventing and curing decubitus ulcer on the buttocks are currently available mostly in welfare countries such as the United States, European countries, Japan, and Korea. Those products come in various forms such as air-cell, gel, and foam. Among the seat cushions in the market, types consisting of rubber air-cells are mostly effective to distribute and also reduce interface pressure (Hong, 2003) .
The seat cushion which is a rubber air-cells utilizing the floating condition (by a gap between the buttocks and the bottom of air-cells, that is as though 'float') to decrease the interface pressure showed significant reductions of the interface pressure even. However, as a results by the condition that the buttocks could float in the sagittal, transverse, and frontal plane, the floating movement could cause posterior pelvic tilting and kyphotic collapse of the thoracic spine in the disabled and elderly who lost trunk muscle functions and also could cause a weak spine upon using seat cushions. (Ferrarin, 2000; Gil-Agudo, 2009 ). Eventually, interactions between the buttocks and trunk could result in hyperkyphosis or scoliosis and increasing interface pressure on the buttocks of the disabled, elderly, and hospitalized patients. Therefore, a set composed of a seat cushion and a back-supporter is required for preventing both decubitus ulcer on the buttocks and collapse of the spine when the disabled, elderly, and patients sit on chairs or wheelchairs. However, there is no investigation about a design for seat cushions in conjunction with a design for back-supporter. This study is aimed at obtaining an optimal design for a set composed of a rubber air-cell seat cushion and a back-supporter, showing even distribution of the interface pressure, minimizing its peak value on the buttock through the optimization using the simulation.
Materials and Methods
Most seat cushion products related to preventing and curing decubitus ulcer on the buttocks to decrease interface pressure has a dent shape similar to the buttocks' shape. However, biomechanical characteristic is different for each person, and it could be considered to decrease interface pressure and interaction between back-supporter and seat cushion. In this study, those points of view were considered in designing the air-cell seat cushion and back-supporter. Therefore, the air-cell seat cushion has to be designed using a parameter which takes account of biomechanical characteristic such as a buttock shape factor and a thigh shape factor. The air-cell seat cushion is deformed along the contact area with the human body contact and supports the contact area with a uniform inner pressure. Thus, it is possible to have a higher effectiveness for preventing ulcer by decreasing interface pressure, if the air-cell seat cushion has designed considering with the parameters using the human body model.
For the optimization of a seat cushion and a back-supporter, basic models for seat cushion and back-supporter were designed. The simulation by the interaction between the seat cushion with back-supporter and the human model was performed by a commercial finite element program (mathematical dynamic model; MADYMO, TASS, Netherlands). The finite element (FE) human model was a human body model developed by the MADYMO and consisted of 44 FE models such as skeletal structures, flesh, muscles, and internal organs. The FE model was to develop a biofidelic numerical model that describes the human body's behavior at a tissue level. The articulations were modeled by kinematic joints that can only be defined between two bodies; therefore, bodies were defined at locations of the bone ends at each articulation (TASS, 2007) . FE human model in seated position was developed based on the standard body shape of Europeans (with the 50th percentile being male, height being 1.73 m, seated height being 0.92 m, and weight being 80 kg) as shown in Fig. 1 (Robin, 2001 ). The MADYMO program had a Mooney-Rivlin material which well-expressed the non-linear features of the rubber although air-cell material property used natural rubber property for the linear elastic isotropic due to complexity and the analysis time of the model. The air-cell material property in the simulation was as shown in table 1. FE human model material property was shown in table 2. Fig. 2 provides an overview of the process used in this study. 
Basic Model of the Seat Cushion and Back-supporter System
Before the design of the air-cell seat cushion and back-supporter, the simulation performed the comparison of the angle between the seat cushion and back-supporter with the distribution of the interface pressure on the seat cushion using rigid plate varying dent height according to an engraving similar to the buttocks' shape. The basic rigid plate model had a whole dimension of 400 (W) × 400 (D) × 40 (H) mm. The buttock shape factor in Fig. 3 shows contact with the buttocks that had a 5 -25 mm dent height level whereas the thigh shape factor shows the contact with the thigh that had 0 -20 mm dent height level. The rigid plate results using central composite design (CCD) showed minimum interface pressures at 25 mm for the buttock shape factor and 1 mm for the thigh shape factor. The result showed 24 mm height difference between the buttocks and the thigh, with the back-supporter angle being 93.4 °, which was a backward direction 3.4 ° change from 90 ° based on the transverse plane. The basic model of air-cell seat cushion and back-supporter was based on the rigid plate simulation result. Seat cushion models were considered for various types of air-cells for biomechanical characteristics (difference of buttocks and thigh shapes). The air-cells in the seat cushion were cells of multi-shape and had a structure of moving air to peripheral cells under pressure using the air path in bottom plate on the cell. The basic model of the seat cushion consisted of 8 cells, with 4 supporting the buttocks and another 4 supporting the thigh and the bottom sides which supported the cells and had a rigid element. The back-supporter cell was modeled to encompass the back with a single cell. Also, seat cushion models performed the simulation in about 6 cases based on the capability of the dividing shape for the buttocks and thighs and minimized air-cell number and maximized contact area for human buttocks (Fig. 4) . One case among six cases was selected by simulation result where seat cushion shape was confirmed as the largest contact area for buttocks and thighs, and based on distribution with regular features of interface pressure. Using this result, sensitivity analysis, which considered changing shape, size, and angle for backsupporter optimization was performed. The design variables were the air-cell height of the buttocks, air-cell width of the buttocks, air-cell height of the thigh, air-cell width of the thigh, air-cell thickness, and angle of the back-supporter. Hunhee Vol.12, No.2 (2017) [DOI: 10.1299/jbse.16-00586]
Optimization of Seat Cushion and Back-supporter System
Using sensitivity results, the air-cell seat cushion optimization was performed using central composite design (CCD) by statistics software, Minitab (Minitab release 14, Minitab Inc., State College, PA, USA). The CCD is a test plan which adds center and axial points for the original point for the factorial experiment design. The design matrix consists of the factorial plan design with -1 and 1, axial points with α and -α, and the center point of the origin. The factorial plan design may assume the primary model or the parameters of the model including the reciprocal action and the center point providing pure error to check the lack of fit by repeating some observed values and make a stable distribution of the estimate reaction depending on the number of center points. The axial point may effectively estimate parameters in the secondary part of the model. On the coordinate of the axial point, α is determined by the range for the experiment of variables or interest area of the tester (Jung, 1998) . Also, it features estimating reaction surface with a small number of experiments in case the methods including the Simplex or factorial displacement may not detect the reaction amount depending on variable level changes. The number of center points in the central composite model shall be more than 1 without restriction, and the number of axial points shall be 2k. Here, α is a positive number, not 0, and the experiment is determined from the Eq. (1).
Total experiment = 2 k + 2k + n c (1) Here, k is the number of factors, 2 k is the factorial experiment points, 2k is the axial points, and nc is the replication at the center point. Also, α, the distance between the center and the axial points, makes it possible to predict the two points at the same distance by keeping the rotational features. However, α changes depending on blocks when considering the block, one of the reaction surface plan designs (Montgomery, 2005) .
The design variables for CCD were cell height for the buttocks (V1: Buttock_H), thigh cell height (V2: Thigh_H), back-supporter cell height (V3: Back_H), and back-supporter angle (V4: Back_Ang) as shown in Fig. 5 . The objective functions were the distribution of the interface pressure upon minimizing its peak value on the buttocks. The level for the optimization is as shown in table 3 and the seat cushion had a range of 40 -60 mm and 50 -90 mm for the backsupporter and 90 -110 ° for the angle. The thickness of the air cell was set to 1 mm and the inner pressure of the air cell was set to the atmospheric pressure. There were a total of 31 cases for the simulation with four design variables. Table 4 shows the run table for the 31 cases of simulation. for the human body (using case 5 seat cushion design). Note: Buttock_H, Thigh_H, Back_H and Back_Ang are buttock's air-cell height, thigh's air-cell height, backsupporter's air-cell height and back-supporter's air-cell angle, respectively. Fig. 5 Design variables of seat cushion and back-supporter modeling. The design variables were set to V1 for the height of the buttock air cell and V2 to the height of the thigh air cell with respect to the bottom surface of the seat cushion. V3 was set to the height of the air cell based on the rear plate of the back-supporter. V4 was set to the rotation angle based on the center point of rear plate for the back-supporter. 31  1  0  1  50  50  70  100  17  2  -1  1  40  50  70  100  2  3  1  1  55  45  60  95  20  4  -1  1  50  60  70  100  13  5  1  1  45  45  80  105  1  6  1  1  45  45  60  95  26  7  0  1  50  50  70  100  7  8  1  1  45  55  80  95  23  9  -1  1  50  50  70  90  12  10  1  1  55  55  60  105  24  11  -1  1  50  50  70  110  4  12  1  1  55  55  60  95  19  13  -1  1  50  40  70  100  29  14  0  1  50  50  70  100  8  15  1  1  55  55  80  95  28  16  0  1  50  50  70  100  21  17  -1  1  50  50  50  100  9  18  1  1  45  45  60  105  5  19  1  1  45  45  80  95  10  20  1  1  55  45  60  105  6  21  1  1  55  45  80  95  15  22  1  1  45  55  80  105  11  23  1  1  45  55  60  105  30  24  0  1  50  50  70  100  16  25  1  1  55  55  80  105  25  26  0  1  50  50  70  100  18  27  -1  1  60  50  70  100  22  28  -1  1  50  50  90  100  14  29  1  1  55  45  80  105  27  30  0  1  50  50  70  100  3  31  1  1  45  55  60  95 Note: StdOrder, RunOrder, PtType, and Blocks are standard order for design, run order for design, point type, variation in the response variable, and group of experimental runs, respectively.
Hunhee Kim, Taekyeoung Lee, Youngho Lee, Jaemin Kim, Jung, Yang and Hong, Journal of Biomechanical Science and Engineering, Vol.12, No.2 (2017) [DOI: 10.1299/jbse.16-00586] Fig. 6 shows the results of the air-cell seat cushion shape simulation of six cases. The seat cushion shape of case 5 was confirmed to be the largest contact area for buttocks and thigh, and to have optimum distribution with regular features of interface pressure. Case 5 shape has the best pressure distribution of the interface pressure. The result of cases 1 -4 was a pressure distribution and contact area lower than case 5.
Results

Results of Sensitivity Analysis with Basic Model
The sensitivity analysis used a fractional factorial design for case 5. The fractional factorial designs were experimental designs that used a subset of the experimental runs by a full factorial design. The subset of experimental runs was chosen based on an evaluation whose factors had the most significant effects. Fig. 7 and Fig. 8 show the sensitivity analysis results of the air-cell seat cushion design factors. In the results of the sensitivity analysis using fractional factorial designs, the main effect plot showed relative significance that affected each interaction. An interaction plot showed an influence of parameters with more than 2 factors combined (Fig. 8) . The most significant design factors of the air-cell seat cushion sensitivity analysis were the evaluated air-cell height of the buttocks and thighs (Buttock_H, Thigh_H). These factors were used for CCD to optimize the seat cushion and back-supporter. However, the remaining design variables such as air-cell width of buttocks (Buttock_W), air-cell width of thigh (Thigh_W), thickness of air-cell (Cell_T) were not significant. Hunhee Kim, Taekyeoung Lee, Youngho Lee, Jaemin Kim, Jung, Yang and Hong, Journal of Biomechanical Science and Engineering, Vol.12, No.2 (2017) [DOI: 10.1299/jbse.16-00586]
Shape of Optimal Seat Cushion and Back-supporter
The optimization result for seat cushion and back-supporter using CCD was as shown in Fig. 9 . Predicted variables were 55 mm for the buttocks' air-cell height, 60 mm for the thigh cell's height, 90 mm for the back-supporter cell's height, and 100 ° for the back-supporter's angle. The back-supporter angle through the optimization had a difference of 6.6 ° from the value of the rigid plate. The simulation was performed using optimal design variables from optimization results to verified optimal seat cushion and back-supporter models (Fig. 10) . The verification simulation result shows well-distributed interface pressure minimizing its peak value on the buttocks and back-supporter. Simulation result using the derived optimal design parameters confirmed that the maximum interface pressure was 10.5 mmHg which was 1/3 of the occurrence pressure on decubitus ulcer. Hunhee Kim, Taekyeoung Lee, Youngho Lee, Jaemin Kim, Jung, Yang and Hong, Journal of Biomechanical Science and Engineering, Vol.12, No.2 (2017) 
Discussion
Based on the design of this study, there is preliminary evidence to show that the design of seat cushion and backsupporter are necessary to reflect biomechanical characteristics. A main advantage of air-cell type seat cushion and backsupporter is the good effect of interface pressure distribution. To increase the effect of interface pressure distribution, various studies were researched product characteristic such as material, temperature, and shape. However, these previous studies for the prevention equipment of decubitus ulcer did not consider the biomechanical characteristics at the product development processes.
To make better effect in the distribution of interface pressure with minimizing peak value for preventing decubitus ulcer, each shape with respect to biomechanical values is considered such as user's sitting posture, varying dent height of seat cushion according to each user's buttock shape, interaction of seat-cushion with back-supporter, etc. However, it is difficult to consider the whole condition of these biomechanical characteristics in commercial product development. Therefore, this study considered the biomechanical characteristic using air-cell type seat-cushion and back-supporter that suggested the relationship of buttocks and thigh in sitting posture. The optimization of seat cushion and back-supporter considered the angle of back-supporter based on seat cushion that was conducted under static (non-dynamic) situation. The real seating situation (relaxation-related, while seated in a wheelchair or assisting equipment) involves many more variables than considered variables in this study such as sitting durations, posture, body type, and voluntary movement. Even though this study had concentrated on two variables distribution of interface pressure and interaction of seatcushion with back-supporter, it achieved better result and was aware of the importance of biomechanical characteristics like distribution of interface pressure which considered human buttock shape and interaction of seat-cushion with backsupporter angle. The assumption underlying the finite element analysis considered the different interactions of real body-product and more uniform pressure distributions under various body parts (buttocks, thigh, back). Because the FE human model was connected with mechanical joints, the FE human model in sitting posture had a different sitting process. The FE human model was dropped to the seat cushion and back-supporter system in the initial state. The FE human model was adjusted to keep the balance during the sitting process that contacted the FE human model and designed the equipment system (seat cushion and back-supporter). The FE human model contacted the designedequipment system due to gravitational acceleration and then leaned on the back-supporter by the L5-S1 joint. The vertical vibration by air-cell inner gas was present in the seat cushion and back-supporter. In this study, the basic model was added damping elements for the air-cell to minimize vertical vibration of the FE human model, seat cushion, and back-supporter. Therefore, the limitation of this study is not performing experiments to actually produce the optimum designed seat cushion and the back-supporter. However, this study suggested a new approach for considering individual biomechanical characteristics.
As mentioned above, this study needs to consider more biomechanical characteristics for better results. However, the results which used sensitivity analysis and central composite design variables showed significant inclination of seatcushion and back-supporter. The results suggest that various equipment considering biomechanical characteristics as a design factor can be provided the pressure distribution without the concentrated pressure. Future research will be able to design products that reflect individual biomechanical characteristics if product design (such as chair, wheelchair) is performed using parameters of human shape.
